Introduction 23 24
The industrial revolution caused a rapid rise in use of raw materials and urbanisation as the 25 populace moved to the cities for employment. Since this time, there has been a continuous 26 increase in living standards that to a large part has been fuelled by innovations within the 27 chemical and pharmaceutical industry. Life expectancy has increased due to great advances 28 in medical practices and effective drugs against many fatal diseases. The increase in life 29 expectancy has seen the population of the world grow, reaching 7 billion in 2012 and to feed 30 this population there has been great advances in agriculture productivity partly via the 31 development of pesticides and nitrate/phosphate based fertilisers. These activities have 32 altered the geochemical cycling of elements, increasing or decreasing concentrations in 33 earth system compartments and increasing global distribution (Doney, 2010). Anthropogenic 34 activities have left a cumulative and lasting impression on the biosphere -so much so that 35 geologist have termed the current epoch the anthropocene (Zalasiewicz et al 2010) . 36
37
The increase in agricultural and industrial production and consumption of raw materials 38 produces vast amounts of waste that enters the aquatic ecosystem. An acknowledgement of 39 the decline in environmental quality due to contaminants has led to the development of 40 environmental quality standards (EQS) in many countries and to assess if these standards 41 are being adhered to many jurisdiction also have a programme of waste water effluent 42 testing (WET) and/or biomonitoring. The EQS are derived from toxicity tests that use 43 numerous organisms per compound, and to set standards several species are tested. other species including freshwater tilapia, goldfish, puffer fish and Japanese eels, as well as 79 the marine fish Sea bass (see Table 1 for references). It is not until collaboration with Wood 80 in 1997 (Wood and Pärt, 1997) that the gill cells were cultured on permeable supports and 81
shown to generate a polarised epithelium that can withstand the application of water to the 82 apical surface (see Figure 1) . At that time the seeding onto permeable supports was from a 83 single fish, and cells were initially cultured in a flask, trypsinised and then seeded onto the 84 insert, referred to single seeded inserts (SSI), this preparation contained only respiratory 85 The formation of tight junction between cells results in an increase in transepithelial 97 resistance (TER). TER of >1 kOhms is reached with SSI from rainbow trout, goldfish and 98 tilapia in symmetrical condition (L15 on both sides) after 6-14 days culture (Table 2) . If the 99 apical medium is replaced with sterile water the TER increases reaching >10 kOhms. The 100 extent of TER formation is batch and season dependent. In general the TER for DSI 101 preparations are a lot higher in symmetrical conditions reaching~30 kOhms if compared to 102 values measured from SSI, and there is little change when water is added to the apical 103 compartment ( Table 2 ). The exceedingly high TER is reflected in extremely low permeability 104 to 3 H-PEG-4000 (Table 2 . In symmetrical conditions the transepithelial potential is positive 105 (see Table 2 ) and is generated by either anion extrusion or cation uptake (Wood et al 2002) . 106
On exposure to water the TEP becomes negative (see Table 2 ) and is attributed to higher 107 passive permeability to Na + and Cl Gilmour et al 1998; Kelly and Wood, 2002a How jurisdictions use these data to set permissible environmental water quality standard to 181 protect aquatic life vary slightly from region to region. But, the objective is to ensure that a 182 concentration of a chemical does not exceed a certain threshold to cause mortality to none 183 or only a few species. Basing water quality standards on values that cause 50% mortality to 184 a species may appear ludicrous, but environmental risk assessments typically involve 185 application of different safety factors, which may be very high if the assessment is based on 186 acute LC50 data from only one or a few species and much lower if chronic toxicity data are 187 available for a number of species. If data are abundant, the environmental risk assessment 188 However, a confounding factor in this measure is that calcein-AM is also a substrate for ABC 248
transporters that are present in culture gill cells (Fisher et al 2011) and will, if active, export 249 the compound from the cell. Transepithelial resistance (TER) was used as a measure of 250 membrane integrity in cell culture on inserts. The cells culture and suspension showed 251 similar EC50 values for the compounds compared and a conclusion from the study was that 252 gill cell suspensions could be used in a testing protocol to assess chemical hazards ( Table  253 3). The results for the cells cultured on inserts were less encouraging, because TER is 254 extremely variable between inserts. In addition, TER may not be a very reliable or sensitive 255 endpoint for cell viability. Seldom have we observed a significant reduction in TER for DSI 256 inserts exposed to metals resuspended in water in the laboratory (Walker, 2008) DE71 are not. The increase in EROD was more rapid in DSI than in hepatocytes with 273 induction being observed within 3hrs following exposure. Thus, EROD activity is probably 274 not a good marker for PBDE toxicity, but it may be possible to devise surrogate toxicity 275 endpoints to different classes of stressors using the power of genomics. Expression 276 microarray analysis on exposed DSI has revealed unique transcript profiles that identify on-277 and off-target effects to different classes of compounds (e.g. diclofenac, clofibrate, ethinyl 278 oestradiol, fluoxetine and triclosan), as well as to mixtures of EU priority substance (Schnell, 279
Bury & Hogstrand unpublished data). 280 281
In the laboratory, the DSI responds in a similar way to intact animals to metals. For example, 282 silver at environmentally relevant concentrations inhibits whole body Na + influx, an adverse 283 outcome pathway (AOP) of acute metal toxicity to freshwater fish, and in exactly the same 284 of 1000 chemicals to be tested by OECD 305, which conservatively equates to 80,000 fish 323 but this is now likely to be in excess of 380,000 given the 146,000 chemicals registered with 324 ECHA (Gubbels-van Hal and Pelkmans, 2009). This will have a significant impact on the 325 number of fish used for scientific research in the UK; Home Office statistics show that in 326 procedure. However, it must also be remembered that REACH is only applicable to the EU 328 and other regions such as the US and Japan have their own requirements and evolving 329 legislation. Worldwide there is a move towards a reduction in animals used in experiments 330 thus reliable alternatives to animal toxicity tests, bioaccumulation studies and environmental 331 monitoring are urgently needed. 332
333
Replacing the number of animals used in BCFs with in vitro and in silico methods would be 334 desirable. Quantitative structure-activity relationship models (QSAR models) can be used to 335 predict the potential of a chemical to bioaccumulate and bioconcentrate. However, QSAR 336 models are only as good as the database on which they are built and without real 337 experimental data on structurally related chemicals BCF calculations can be inaccurate. 338
Experimental data on accumulation can potentially be generated with cell cultures, but 339 identifying suitable cell culture endpoints is difficult because the current OECD 305 BCF test 340 requires a period of accumulation to steady-state followed by a lengthy depurations period. RTgill-W1 cell line and showed using a cell viability assay that this system could be used for 506 toxicity testing. These advancements utilise microengineered devises to form a structure that 507 enables cells to grow in 3D to better mimic the organ structure and function. Static 2D 508 cultures do not mimic the gradients in oxygen and shear generated by the circulatory 509 systems that tissues within the body experience. As an example, Huh et al (2010) developed 510 a human lung-on a-chip devise that is made of two silicone rubber poly(dimethyl-siloxane) 511 (PDMS) channels separated by a 10µm extracellular matrix gel (ECM) covered membrane 512 with engineered pores at the right size to mimic the alveolar -capillary interface (Huh et al 513 2011). PDMS is a compound that has revolutionised the developed of microfabricated 514 devices for cell culture, because it is relatively cheap and pliable, importantly it allows for gas 515 exchange and is optically transparent, and ECM gels provide the scaffold on which cells 516 adhere and grow into 3D structures. Two lung cell types, alveolar and capillary endothelial 517 cells are co-cultured on either side of the membrane. Once they are confluent the alveolar 518 cell chamber is exposed to an air-liquid interface and lung capillary endothelial cells 519 microvascular chamber to microfluid dynamics mimics that of blood flow in the capillaries. 520
The ingenuity of this devise is that it also mimicked the rhythmic breathing by applying 521 suction to an adjacent chamber. This enhanced the production of surfactants by the alveolar 522 cells and maintained the integrity cultured cell membrane. From a toxicological perspective, 523 this device has been used to assess the effects of nanoparticels on the lung. 
